Lung cancer is the leading cause of cancer-associated deaths worldwide, with an estimated 224,210 new cases and 159,260 deaths in 2014 in the United States[@b1]. NSCLC is the most common lung cancer, accounting for approximately 87% of all cases, and it is insensitive to chemotherapy and/or radiation therapy compared with small cell lung cancer (SCLC). Metastasis is the most deadly aspect of NSCLC. NSCLC patients often relapse and develop metastases after surgery, radiation therapy, and/or chemotherapy, resulting in an overall five-year survival rate of less than 18%[@b2]. Therefore, to improve the diagnosis, prognosis and drug-targeted therapies for NSCLC, it is important to screen metastases-related genes and explore their underlying molecular mechanisms[@b3].

MicroRNAs are a class of noncoding RNAs, 18--25 nucleotides (nt) in length, encoded by distinct genes and undergoing a sophisticated process to mature to evolutionarily conserved single-stranded forms. Generally, miRNAs bind to the 3′ untranslated region (3′UTR) of their target mRNAs and suppress protein production by translational repression or induction of mRNA degradation. Aberrant miRNA expression profiles play a critical role in tumorigenesis and tumor development, and may serve as biomarkers for tumor diagnoses and therapies[@b4][@b5]. MiR-150 was initially identified as a hematopoietic cell-specific miRNA, affecting the differentiation of numerous hematopoietic cell lineages[@b6]. Recent studies demonstrated that miR-150 was also involved in human tumors, including hematopoietic malignancies such as lymphoma and leukemia[@b6] and solid tumors. However, miR-150 may function as either an oncogene or a tumor suppressor in different tumor types, which is dependent on the expression levels of it and the action of its target genes in certain tumor types. To date, the functions of miR-150 in relation to proliferation phenotypes of tumor cells have been extensively studied and a sequence of targets have been identified. For example, as an oncomiR, miR-150 is significantly over-expressed and promote cell proliferation in lung cancer (identified targets: p53 and BAK1)[@b7][@b8], breast cancer (target: P2X7)[@b9] and gastric cancer (target: EGR2)[@b10]. On the contrary, miR-150 was found to be down-regulated in malignant pancreatic tissues. Over-expression of miR-150 decreased tumor cell growth and clonogenicity via targeting MUC4 *in vitro*[@b11]. Although miR-150 plays a metastasis suppressor role in esophageal squamous cell carcinoma and hepatocellular carcinoma via targeting ZEB1 and GAB1, respectively[@b12][@b13], the exact role (anti- or pro- metastasis) of miR-150 in lung cancer metastasis *in vitro* and *in vivo* and potential metastasis-associated molecular mechanisms remain poorly understood.

The FOXO (forkhead box O) family is composed of four members: FOXO1, FOXO3, FOXO4 and FOXO6 that are characterized by a conserved winged-helix DNA-binding domain called the 'forkhead box'. FOXO proteins use the forkhead box domain to bind as monomers to the consensus sequence (5′-TTGTTTAC-3′) and hence negatively or positively regulate gene expression, depending on the promoter context and extracellular conditions[@b14][@b15][@b16]. FOXO proteins are subject to multiple posttranslational regulations typically from the PI3K-AKT/SGK pathway (phosphorylation), the stress-activated JNK pathway (phosphorylation) and other posttranslational modifications such as acetylation and methylation, which decide on the subcellular localization (nuclear-cytoplasmic shuttling), DNA binding affinity and transcriptional activity[@b17]. However, emerging evidence shows that the mRNA expression levels of FOXOs vary between normal and tumor tissues and that an inverse correlation between the expression of FOXOs and miRNAs was observed in a panel of tumors and tumor cell lines, which implies that that expression levels of FOXO transcripts are tightly regulated by the miRNA networks[@b16][@b18]. A growing number of miRNAs have been shown to target FOXO4. For example, aberrant up-regulation of miR-499-5p and miR-1274a promote tumor metastasis in colorectal and gastric cancer respectively by targeting FOXO4[@b19][@b20]. Recently, miR-150 was found to promote tumor cell proliferation by targeting FOXO4 in cervical carcinoma[@b21]. However, whether miR-150 targets FOXO4 to promote NSCLC metastasis is unknown and will be investigated in this study.

In this study, we first demonstrated miR-150 directly targets the 3′UTR of FOXO4 to inhibit its expression using a dual-luciferase reporter assay. We further investigated the expression of miR-150 and FOXO4 in NSCLC cell lines and tissue samples, and analyzed the association of their expression with metastatic characteristic of NSCLC patients. Furthermore, we validated that miR-150 promoted tumor cells metastasis and EMT via FOXO4-mediated regulation of NF-κB/snail/YY1/RKIP circuitry, which consequently triggered the down-regulation of E-cadherin. Our results suggest that miR-150 is a novel metastasis marker in NSCLC and miR-150-FOXO4 signaling might be a potential target for therapy in NSCLC metastasis.

Materials and Methods
=====================

Cell culture, plasmids and transfections
----------------------------------------

Human NSCLC cell lines (H460, A549, H1299, 95 C, 95D) and human normal lung cell line (MRC-5) were purchased from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology. MRC-5 is a human lung fibroblast cell line, 95C/D are human giant cell lung carcinoma cell lines, H1299 and H460 are human large-cell lung carcinoma cell lines, A549 is a human lung adenocarcinoma cell line. A549, 95 C, 95D and MRC-5 cell lines were grown in DMEM medium (Gibco, USA). H460 and H1299 cell lines were grown in RPMI-1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and penicillin 100 (U/ml)/streptomycin (100 μg/ml) at 37 °C in a humidified atmosphere with 5% CO~2.~

Pre-miR-150 plasmids and paired null vectors were constructed by our lab[@b22]. The MiR-150 inhibitor, inhibitor negative control (NC-inhibitor), small interfering RNA (siRNA) targeting FOXO4, and an unrelated sequence was used as a negative control of siRNA (siNC) were synthesized by GenePharmaCo., Ltd (Shanghai, China). miR-150, miR-421, miR-664a-3p, miR-499a-5p mimics and miRNA mimic NC were synthesized by Ribobio Technology Co., Ltd. (Guangzhou, China). The sequence of materials is listed in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

For transfection, experimental protocols were performed according to our previously published protocols[@b22]. MiR-150 inhibitor/NC inhibitor or siFOXO4/NC siRNA were transfected into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, USA) according to the manufacturer's instructions. MiRNA mimics and miRNA mimic NC were transfected into cells using ribo FECT ™ CP Transfection Kit (Ribobio Technology Co., Ltd, Guangzhou, China) according to the manufacturer's instructions. After a 48 h transfection, cells were used for further experiments. Pre-miR-150 plasmid/control vector were transfected into NSCLC cells and screened for 3--4 weeks with 1 μg/ml puromycin after a 48 h transfection.

Human NSCLC tissue samples
--------------------------

16 cases of human non-neoplastic lung tissues and 36 cases of human NSCLC lung tissues including 19 cases of non-metastatic NSCLC tissues (adenocarcinoma in 4 cases and squamous carcinoma in 15 cases) and 17 cases of metastatic NSCLC tissues (adenocarcinoma in 3 cases, squamous carcinoma in 13 cases and adeno-squamous carcinoma in 1 cases) were collected from the Second Xiangya Hospital of Central South University (Changsha, Hunan, China). This study was carried out after approval by the Ethics Committee of the Second Xiangya Hospital and obtaining informed consent from all subjects. The methods in treating tissues were carried out strictly in accordance with institutional policies and approved guidelines of experiment operations.

RNA extraction and quantitative reverse transcription-PCR (qRT-PCR)
-------------------------------------------------------------------

For miRNA or mRNA content detection, total RNA was extracted from cells or tissues using Trizol (Invitrogen, USA) according to the manufacturer's instructions. cDNA was synthesized via RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, USA). The reverse transcription reaction for miR-150 was carried out with stem-loop RT primers (RiboBio, China). QRT--PCR was performed using a SYBR Green Master Mix (Bio-Rad, USA). Relative expression was determined using U6 snRNA (primers from RiboBio, China) as an internal control for miR-150 and GAPDH as an internal control for FOXO4. The primers used are listed in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

Wound-healing assays
--------------------

Experimental protocols were conducted according to our published protocol[@b23]. Transfected cells were seeded in 6-well cell culture plates and cultured until 90--100% confluent in complete medium. Cell monolayers were wounded using a P200 pipette tip held vertically, and the layer was washed several times with PBS to remove cell debris. Images were captured from the same region at 0, 24 and 48 h for each wound.

Transwell migration assays
--------------------------

Experimental protocols were conducted according to our published protocol[@b23]. Cells (4 × 10^5^ cells/well) were transfected and seeded into the top chamber of 24-well Transwell plates (Corning Incorporated, USA) containing 1% FBS medium. Complete medium was added to the bottom chamber. After a 24 h incubation in normal conditions, the cells on the upper side of the filters were swabbed with a cotton swab, and the cells on the lower surface of the filters were fixed with 4% paraformaldehyde for 20 min and stained with 1% crystal violet for 30 min. Images were captured by light microscope, and average migrating cells from five independent fields were counted.

Western blot analysis
---------------------

Experimental protocols were conducted according to our published protocol[@b23]. Cells or tissues were lysed with RIPA buffer (150 mM NaCl, 25 mM Tris-HCl, pH 7.4, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, 2 mM EDTA) that contained a protease or phosphatase inhibitor mixture (Roche, France); 50 μg of proteins were separated by SDS-PAGE followed by immunoblotting with specific antibodies ([Supplementary Table 2](#S1){ref-type="supplementary-material"}).

F-actin staining
----------------

The procedure used has been described in detail in our earlier study[@b24]. Briefly, A549 cells were seeded on coverslips in 6-well dishes and transfected with the miR-150 plasmid and the corresponding control vector for 48 h and then were fixed, permeabilized, blocked and stained, according to the manufacturers' instructions, with Alexa Fluor 488 Phalloidin (Invitrogen, Carlsbad, USA). Images were captured by the Leica SP5 II scanning confocal microscope (Leica, Bannockburn, USA).

Dual luciferase reporter assay
------------------------------

The procedure used has been described in detail in our earlier study[@b22]. The human FOXO4 wild type or mutated 3′-UTR sequence containing the miR-150 binding site was cloned into the psiCHECK-2 vector. The primer sequences are listed in [Supplementary Table 1](#S1){ref-type="supplementary-material"}. Cells were seeded into 24-well plates and co-transfected with miR-150 or control vector and wild-type or mutated *foxo4* 3′-UTR using Lipofectamine 2000. Both firefly and Renilla luciferase activities were measured after the 48 h transfection using the Dual-Luciferase Reporter 1000 Assay System (Promega, USA) and were detected by the GloMax TM 20/20 detection system (E5331, Promega, USA) according to the manufacturer's instructions. Luciferase activities were normalized to Renilla luciferase.

Soft agar colony formation assay
--------------------------------

Experimental protocols were conducted according to our published protocol[@b24]. The bottom layer consisting of 0.5% low-melting-temperature agarose (BD) with Basal medium eagle medium (BME, Sigma) containing L-Glu and gentamycin was first formed on 6-well plates. Then, cells were diluted in BME with 10% FBS mixed with low-melting-temperature agarose, forming the top layer (5,000 cells per well). The cell colony formation numbers were counted (under light microscopy) after two weeks of cultivation.

Tumorigenicity and tumor metastasis assays in nude mice
-------------------------------------------------------

Nude mice, 4--6 weeks old, were purchased from the Shanghai Lab Animal Research Center (Shanghai, China) and cared for in the Experiment Animal Center of the Central South University (Changsha, China). For tumorigenicity assays, 2 × 10^6^ stably transfected cells in 0.2 ml RPMI-1640 medium were injected subcutaneously into the right upper back of the mice. The tumor volume for each mouse was measured every 3 days. Three weeks after the injections, tumor-bearing mice were sacrificed, and the size of the tumor was determined by caliper measurement. For tumor metastasis assays, 2 × 10^6^ cells in 0.2 ml were injected into the lateral tail vein of each mouse. Each group had five mice. After 30 days, the mice were sacrificed, and their lungs were examined for tumor metastases using Hematoxylin and Eosin (H&E) stains. All animal procedures were approved by the Animal Care and Use Committee of the third Xiangya Hospital of Central South University (Changsha, Hunan, China) and performed strictly in accordance with institutional policies and approved guidelines of experiment operations.

Immunohistochemistry
--------------------

The procedure used has been described in detail in our earlier study[@b23]. Briefly, the slides were deparaffinized in xylene and dehydrated. Slides were then heated in a microwave with citrate buffer (pH 6.0) for 15 minutes. After blocking the endogenous peroxidase activity with 3% H~2~O~2~ for 10 minutes, the slides were blocked with 10% normal goat serum for 30 minutes and then incubated with anti-FOXO4 antibody overnight at 4 °C. Staining was visualized with diaminobenzidine (DAB; Sigma-Aldrich). After staining, sections were counterstained with hematoxylin. The slides were then washed with PBS, dehydrated, cleared in xylene and mounted with permount.

Statistical analyses
--------------------

All statistical analyses were performed using SPSS 16.0 statistical software. 2-sided unpaired Student's t-tests were used to determine the significance of the differences between the control and the experimental groups. A *p* \< 0.05 was considered statistically significant.

Result
======

FOXO4 is a direct binding target of miR-150 in NSCLC
----------------------------------------------------

MiRNA exerts its effects mainly through the suppression of downstream target genes. Therefore, the targets of miRNA-150 were investigated. Using two computational miRNA target prediction tools (miRBase and TargetScan), several candidate targets with a relatively high prediction score, including FOXO4, c-myb, zeb1, 4.1 R and PI3KCB (Phosphoinositide-3-Kinase, Catalytic, Beta Polypeptide), were selected for further target identification. Based on the protein expression levels and previous reports, FOXO4 were picked up on account of the following reasons: (1) Among these molecules, only FOXO4 displayed dramatic reverse changed in its expression in response to altered expression of miR-150 ([Supplementary Fig. S1](#S1){ref-type="supplementary-material"}); (2) Previously, the decreased expression of FOXO4 was associated with increased malignance in gastric and prostate cancers[@b25][@b26], suggesting that FOXO4, as a putative tumor suppressor gene, is implicated in the development of human cancers. Furthermore, a comparison was made in their negative regulatory effects on FOXO4 protein expression between miR-150 and several other potential up-stream miRNAs of FOXO4 (miR-421, miR-664a-3p, miR-499a-5p). Exogenous expression of miR-150 showed positive potent inhibitory effect on the protein expression of FOXO4 with a significant statistical difference when compared to other miRNAs in NSCLC ([Supplementary Fig. S2](#S1){ref-type="supplementary-material"}), implying that there is a critical miR-150-FOXO4 interaction in NSCLC.

We further examined whether FOXO4 was a direct target of miR-150 in NSCLC cells using a dual-luciferase reporter assay. Transient co-transfection of pre-miR-150 plasmids and luciferase reporters carrying the FOXO4 3′UTR into H460 and A549 cells resulted in a markedly decreased activity of the luciferase reporters, compared to co-transfection of paired null vectors and luciferase reporters. However, this suppressive effect was abolished by the creation of a point mutation in the miR-150-binding region of in the FOXO4 3′UTR ([Fig. 1a and b](#f1){ref-type="fig"}). Next, we confirmed the inverse relationship between the expression of FOXO4 and miR-150 in H460 cells and A549 cells. As shown in [Fig. 1c](#f1){ref-type="fig"}, over-expression of miR-150 by pre-miR-150 plasmid inhibited FOXO4 expression, while inhibition of miR-150 by miR-150 inhibitor enhanced expression of FOXO4 in these two cell lines. This result shows that miR-150 plays a role in negatively regulating FOXO4 expression by directly targeting its 3′UTR in NSCLC cells.

Up-regulation of miR-150 and down-regulation of FOXO4 occur frequently in metastatic tumor cell lines and NSCLC tissues
-----------------------------------------------------------------------------------------------------------------------

In order to investigate the correlation between miR-150-FOXO4 axis and metastasis in NSCLC, we first measured the expression of miR-150 and FOXO4 in five NSCLC cell lines (95C, 95D, H1299, H460 and A549) and normal human lung cell line (MRC-5). Among them, the paired low-metastatic 95C and high metastatic 95D cell lines were subcloned from a low differentiated human large cell lung carcinoma cell line PLA-801. H1299 and H460 cell lines were derived from lymph node and pleural effusion metastatic sites, respectively. The results showed that prominent higher expression of miR-150 transcript was observed in all five NSCLC cell lines while the expression of FOXO4 was dramatically down-regulated in all five NSCLC cell lines in comparison with the normal lung cell line ([Fig. 2a and b](#f2){ref-type="fig"}). Specially, compared with 95C cells, expression of miR-150 was increased in high metastatic potential 95D cells which showed lower expression levels of FOXO4.

Further, to confirm the clinical significance of miR-150 and FOXO4 in NSCLC patients, we analyzed the transcriptional levels of miR-150 and FOXO4 in 16 cases of human non-neoplastic lung tissues and 36 cases of human NSCLC lung tissues including 19 cases of non-metastatic NSCLC tissues and 17 cases of metastatic NSCLC tissues by qRT-PCR assays. The results showed that compared to non-neoplastic lung tissues, miR-150 expression was frequently up-regulated in non-metastatic NSCLC tissues (*p* = 0.0011), especially in metastatic NSCLC tissues with higher expression levels (*p* = 0.0025) ([Fig. 2c](#f2){ref-type="fig"}). In contrast, FOXO4 was frequently expressed at low levels in non-metastatic NSCLC tissues (*p* = 0.0169) and metastatic NSCLC tissues (*p* = 0.0186) ([Fig. 2d](#f2){ref-type="fig"}). These data imply that the dysregulation of miR-150-FOXO4 axis is frequently observed in NSCLC progression, and FOXO4 and miR-150 potentially play opposite roles (pro-tumor and anti-tumor) in the tumor progression.

Over-expression of miR-150 or knockdown of FOXO4 promoted NSCLC cell migration *in vitro*
-----------------------------------------------------------------------------------------

To determine the role of miR-150-FOXO4 axis in NSCLC metastasis, transwell migration and wounding healing assay were performed in H460 and A549 cells. Pre-miR-150 plasmids were transfected into the cells and transfection efficiency was demonstrated by qRT-PCR ([Supplementary Fig. S3](#S1){ref-type="supplementary-material"}). The results show that over-expression of miR-150 enhanced tumor cell migratory ability compared to empty vector transfected cells. As expected, knockdown of miR-150 suppressed cell migration ability ([Fig. 3a,b,c](#f3){ref-type="fig"} and d). Consistent with the pro-metastatic effect caused by over-expression of miR-150, knockdown of FOXO4 by FOXO4 siRNA was also able to promote the migratory ability of H460 and A549 cells compared to corresponding siRNA NC-treated cells, as analyzed by the transwell migration and wound-healing assays ([Fig. 3e](#f3){ref-type="fig"} and f ).

Dysregulation of miR-150-FOXO4 signaling induced tumorigenesis and metastasis in mice
-------------------------------------------------------------------------------------

Given that previous studies about proliferation-related role of miR-150 in lung cancer are mainly restricted to *in vitro* systems. However, the oncogenic effects of miR-150 are determined by its ability to induce tumorigenesis and/or metastasis *in vivo*. Therefore, an H460 cell line stably over-expressing miR-150 was established. We firstly evaluate the ability of the stable cell line to grow under anchorage independent condition *in vitro* using soft agar colony formation assays. As shown in the [Fig. 4a](#f4){ref-type="fig"}, the H460-stably over-expressing miR-150 showed a significant increase in colony number compared to the control cell line, which indicating that the H460-stably over-expressing miR-150 is of a hallmark of malignant tumor cells *in vitro*. Further, the cells were subcutaneously or intravenously injected into nude mice. Representative results showed that subcutaneous tumors from the miR-150 over-expression group grew faster than those from the control group during tumor development ([Fig. 4b](#f4){ref-type="fig"}). Consistently, the average tumor volume of the miR-150 over-expression group was significance larger that of the control group ([Fig. 4c](#f4){ref-type="fig"}). Further, qRT-PCR and western blot analysis demonstrated that the stripped tumors from the miR-150 over-expression group had higher levels of miR-150 transcript and lower FOXO4 protein expression levels than those in the control group ([Fig. 4d](#f4){ref-type="fig"} and e).

For intravenous inoculation, 30 days after injection, more lung metastatic nodules were observed in the lungs of the miR-150 over-expression group compared with the control group ([Fig. 4f](#f4){ref-type="fig"}). H&E staining revealed that the metastatic incidence in the lungs of the miR-150 over-expression group were also markedly increased ([Fig. 4g](#f4){ref-type="fig"}). Moreover, an obviously decrease in FOXO4 expression was also display in IHC slices of miR-150 over-expression group in comparison with the control group ([Fig. 4h](#f4){ref-type="fig"}). These data establish a significant relevance between dysregulation of miR-150-FOXO4 signaling and significantly enhanced tumorigenesis and metastasis ability of NSCLC cells *in vivo*.

Dysregulation of miR-150-FOXO4 signaling promoted tumor cell migration by stimulating EMT
-----------------------------------------------------------------------------------------

Activation of EMT has been shown to strongly promote tumor cell metastasis. To determine whether miR-150 is an EMT-regulatory miRNA in NSCLC, we first compared the cellular morphology change between miR-150 plasmid and empty vector- transfected A549 cells. Alexa Fluor 488-phalloidin was used to stain cytoskeletal F-actin in A549 cells. We found that the epithelial-like A549 cells with square or oval cell shapes were changed into a more spindle-like morphology with multiple cell protrusions ([Fig. 5a](#f5){ref-type="fig"}). As a direct downstream target of miR-150, similar results were observed in A549 cells transfected with FOXO4 siRNA ([Fig. 5b](#f5){ref-type="fig"}).

To evaluate whether the change in cell shape caused by dysregulation of miR-150-FOXO4 axis was associated with EMT-related molecules, we further examined the protein expression levels of the EMT markers E-cadherin, N-cadherin and vimentin. As expected, decreased expression levels of total E-cadherin and increased expression levels of N-cadherin and vimentin occurred in pre-miR-150 plasmid and FOXO4 siRNA-transfected A549 and H460 cells when compared to their corresponding counterpart ([Fig. 5c and d](#f5){ref-type="fig"}). Changes of these EMT-related molecules may be the molecular representation of the phenotypic changes of tumor cells brought about as a consequence of dysregulation of miR-150-FOXO4 axis.

FOXO4 has been shown to suppress the transcriptional activity of nuclear factor-κB (NF-κB)[@b27], a key component in the NF-κB/snail/YY1/RKIP circuitry. Deregulation of this circuitry is intimately involved in the initiation of EMT and tumor metastasis via up-regulation of snail, resulting in an inhibition of the epithelial marker E-cadherin[@b28][@b29]. Therefore, we detected the expression levels of NF-κB and snail in response to altered miR-150 or FOXO4 expression. Consistently, western blot results showed that over-expression of miR-150 or knockdown of FOXO4 was able to promote NF-κB and snail expression, further suppress E-cadherin expression ([Fig. 5c and d](#f5){ref-type="fig"}). These results indicated that over-expression of miR-150 likely enhances EMT-like changes in NSCLC cells through FOXO4-mediated NF-κB/snail/YY1/RKIP circuitry regulation.

Pro-metastatic effect of miR-150 was partially attributed to targeted silencing of FOXO4
----------------------------------------------------------------------------------------

To further confirm whether FOXO4 was directly involved in the pro-metastatic effect mediated by miR-150 in NSCLC, miR-150 inhibitor and FOXO4 siRNA were co-transfected into H460 and A549 cells to simultaneously silence miR-150 and FOXO4 expression. Impaired cell migration ability of H460 and A549 induced by the single-knockdown of miR-150 were partially restored by dual knockdown of FOXO4 and miR-150 ([Fig. 6a and b](#f6){ref-type="fig"}). Moreover, up-regulation of E-cadherin, and down-regulation of NF-κB and Snail by single-knockdown of miR-150 were also reversed by dual knockdown of FOXO4 and miR-150 ([Fig. 6c](#f6){ref-type="fig"}). These data show that FOXO4 is a key downstream metastatic effector of miR-150 and mediates, in part, the phenotypic and molecular effects of miR-150 in NSCLC.

Discussion
==========

Metastasis-related death accounts for approximately 90% of cancer mortality[@b30]. Accumulating evidences show that miRNAs participate in the tumor growth and/or metastastic process and a growing number of miRNAs have been found to be involved in lung cancer metastasis[@b5][@b31]. However, studies about the role of miR-150 in NSCLC are mainly confined to tumor growth and controversial in the limited published studies. Sun *et al*. showed that a significant decrease in miR-150 expression levels was found in tumors tissues compared with normal tissues or tumor-adjacent tissues[@b32]. However, another study reported that miR-150 was highly expressed in NSCLC and promoted the proliferation of tumor cells *in vitro*[@b7]. In this study, our findings support miR-150 functions as a pro-metastatic miRNA in NSCLC. Up-regulation of miR-150 was frequently observed in NSCLC metastatic tissues and metastatic tumor cell lines compared with adjacent non-tumor tissues or non-metastatic tissues and normal lung cell lines. Moreover, ectopic expression of miR-150 resulted in a significant increase in tumor cell metastasis *in vitro* and lung metastases in a nude mouse xenograft model.

The ability to regulate target gene expression allows miRNAs to regulate various biological processes including differentiation, proliferation, migration and apoptosis. *In vitro* assay demonstrated that miR-150 directly targets 3′-UTR of FOXO4, resulting in the suppression of FOXO4 expression. The functions of FOXO4 to induce cell cycle arrest, apoptosis and DNA-damage repair make it attractive candidates as tumor suppressors in human cancers[@b33][@b34]. For example, activation of FOXO4 reduces oncogene HER2-mediated tumor cell growth *in vitro* and *in vivo* through inhibiting AKT activity and maintaining p27^Kip1^ stability[@b35]. Previously, Li *et al*. reported that inactivation of FOXO4 inhibits the abilities of vascular smooth muscle cells to migrate *in vitro* through downregulation of MMP9[@b36], suggesting that FOXO4 is also involved in cell migration process. In cancer, FOXO4 has been suggested to be a tumor metastasis suppressor. Su *et al*. showed that PI3K-AKT-mediated metastatic invasiveness in prostate cancer is associated with FOXO4 loss[@b26]. In gastric cancer, up-regulation of FOXO4 decreased tumor cell migration, accompanied by the downregulation of vimentin[@b25]. However, there has been very little research on the role of FOXO4 in lung cancer and whether FOXO4 has any metastasis effects in NSCLC remain unclear. Here, we report that FOXO4 is involved in the miR-150-induced tumor cell metastasis. Contrary to miR-150, down-regulation of FOXO4 were frequently observed in NSCLC clinical specimens and metastatic tumor cell lines. Knockdown of endogenous FOXO4 expression is able to promote tumor cell metastasis and hinder metastasis inhibition effects caused by inhibition of miR-150, suggesting that FOXO4 is a key downstream metastatic effector of miR-150.

EMT is one of the most commonly accepted cellular transitioning processes that drive tumor metastasis by which epithelial cells acquire mesenchymal, fibroblast-like properties including increased motility and decreased intercellular adhesion. EMT is under the control of miRNA networks[@b37]. Among FOXO family, Cheng *et al*. reported that FOXO3a-miR-622 axis inhibited HIF-1α to interfere mesenchymal characteristics of tumor cells in ERK-responsive lung cancer[@b38]. Liu *et al*. reported that FOXO3a-miR-34b/c axis restrains canonical β-catenin signaing-dependent EMT phenotypic changes[@b39]. Yang *et al*. reported that FOXO1 3′UTR can function as a ceRNA in repressing EMT and metastasis of breast cancer cells via regulating miR-9 activity[@b40]. For FOXO4, ANXA8 is transcriptionally down-regulated by EGF-mediated FOXO4 phosphorylation, which is correlated with the morphologic changes of EMT in the cholangiocarcinoma cells[@b41]. However, the relationship between miRNA-FOXO4 or FOXO4-miRNA axis and EMT has not yet been reported. Here, our results reveal that the dysregulation of the miR-150-FOXO4 axis may maintain tumor cells in a relatively undifferentiated state through EMT induction. We observed that A549 cells with over-expression of miR-150 or with knockdown of FOXO4 displayed morphological changes from a cobble stone-like to a spindle-like shape that is characteristic of mesenchymal cells when compared with their parental cells. Correspondingly, the mesenchymal markers N-cadherin, vimentin and snail were up-regulated while epithelial marker E-cadherin was down-regulated by miR-150 over-expression or FOXO4 knockdwon. Dysregulation of NF-κB/Snail/YY1/RKIP circuitry may be responsible for the EMT induction. A previous study showed that FOXO4 inhibited the transcriptional activity of NF-κB and that loss of FOXO4 induced NF-κB activity *in vivo*[@b27], which is consistent with our observations that knockdown of FOXO4 or over-expression of miR-150 increased NF-κB expression, whereby resulting in an increase in snail expression and eventually promoting EMT progression.

Taken together, our study found that the dysregulation of miR-150-FOXO4 axis was frequently present in NSCLC, and miR-150 promotes cellular migration at least partially through its regulation of FOXO4 *in vitro* and *in vivo*. EMT-associated molecules (NF-κB, Snail, E-cadherin, N-cadherin and vimentin) potentially mediated pro-metastatic effects of the dysregulation of miR-150-FOXO4 axis. Therefore, miR-150-targeting interference combined with recovery of expression of FOXO4 may be a potential therapeutic strategy in metastatic NSCLC patients.
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![FOXO4 is a down-stream target of miR-150.\
(**a**) Sequences of the conserved Hsa-miR-150 binding sites in the 3′UTR of wild-type FOXO4 mRNA and a FOXO4 mutant containing seven mutated nucleotides in the 3′UTR of FOXO4 (FOXO4-mut-3′UTR). (**b**) Luciferase activity assays of the FOXO4-3′UTR or FOXO4-mut-3′UTR reporter in H460 and A375 cells transfected with the pre-miR-150 plasmid or control vector. Experiments were performed in triplicate, and data are expressed as the mean ± SD, \*\**p* \< 0.01. (**c**) Western blot analysis showing the alteration of FOXO4 expression in H460 and A549 cells transfected with the pre-miR-150 plasmid, miR-150 inhibitor or their corresponding control vectors. GAPDH served as a loading control. A single band was detected at \~54 kDa, reflecting full-length expression. Fold change in FOXO4 protein level normalized to GAPDH is shown numerically and at the bottom of protein bands.](srep39001-f1){#f1}

![MiR-150 levels are inversely correlated with FOXO4 in human NSCLC tissues and cell lines.\
(**a**,**b**) Transcriptional levels of miR-150 (**a**) and FOXO4 (**b**) in human normal lung cell line (MRC-5) and five different NSCLC cell lines (95C, 95D, H1299, H460 and A549) were measured using qRT-PCR assay. Each bar represents the mean ± SD of three independent experiments. (**c**,**d**) Transcriptional levels of miR-150 (**c**) and FOXO4 (**d**) were measured in human NSCLC tissues including non-metastatic NSCLC tissues (NSCLC-NM, n = 19) and metastatic NSCLC tissues (NSCLC-M, n = 17), and non-neoplastic lung tissues (NP, n = 16) using qRT-PCR assay.](srep39001-f2){#f2}

![Over-expression of miR-150 and knockdown of FOXO4 promoted NSCLC cell migration *in vitro*.\
Representative images of the Transwell migration assay using H460 (**a**) and A549 (**b**) cells transiently transfected with pre-miR-150 plasmid/null vector and miR-150 inhibitor/NC-inhibitor. The cells penetrating the chamber membrane were shown. The results are expressed as the average number of cells in five random microscopic fields ± SD of three independent experiments. Representative images of the wound healing assay using H460 (**c**) and A549 (**d**) cells transfected with pre-miR-150 plasmid/null vector and miR-150 inhibitor/NC-inhibitor. The wound closure was quantified by measuring the distance between the invading front of cells using Image J. Experiments were performed in triplicate, and data are expressed as the mean ± SD. (**e**) Representative images of the Transwell migration assay using H460 and A549 cells transfected with siFOXO4 or siNC. (**f**) Representative images of the wound healing assay using H460 and A549 cells transfected with siFOXO4 or siNC. \**p* \< 0.05 or \*\**p* \< 0.01 versus the control. Scale bars: 20 μm.](srep39001-f3){#f3}

![Dysregulation of miR-150-FOXO4 signaling induced tumorigenesis and metastasis in mice.\
(**a**) Colony growth of H460 stable cell lines in soft agar. Right panel, average number of colonies of H460 cells transfected with pre-miR-150 plasmid or null vector was evaluated 14 days after the seeding in soft agar. Results are shown as the mean ± SD of three independent experiments. (**b**) H460 cells stably transfected with pre-miR-150 plasmid and null vector were injected subcutaneously into the upper backs of the mice and tumor growth curves were record (*n* = 4 per group). (**c**) Representative images of xenograft tumors formed in nude mice are shown. (**d**) qRT-PCR analysis of miR-150 expression in xenograft tumor tissues. (**e**) Western blot analysis of FOXO4 protein expression in xenograft tumor tissues. A single band was detected at \~54 kDa, reflecting full-length expression. (**f**) H460 cells stably transfected with pre-miR-150 plasmid and null vector were injected into the tail veins of the mice (n = 5 per group). Representative images of the metastatic nodules of the lung (left). Numbers of visible metastatic nodules in individual mouse lungs (right). (**g**) Representative hematoxylin and eosin staining of tumor-bearing lung sections. Magnification ×0.7 (left); ×20 (right). (**h**) IHC analysis of FOXO4 expression in tumor-bearing lung sections, representative images were shown, magnification ×10. Data are shown as the mean ± SD, \*\**p* \< 0.01.](srep39001-f4){#f4}

![Dysregulation of miR-150-FOXO4 signaling promoted tumor cell migration by stimulating EMT.\
(**a**,**b**) The cell shapes of A549 cells were captured using a light microscope camera after the cells were transiently transfected with the miR-150 plasmid or vector control (*Left*), Scale bar, 50 μm. The cell morphology of A549 and H1299 cells was captured by confocal laser scanning microscope after the cells were transiently transfected with siFOXO4 or siNC, and stained with Alexa Fluor 488-labeled Phalloidin. Scale bars, 10 μm (*right*). (**c**,**d**) Western blot analysis of the expression of NF-κB, snail and E-cadherin, and the molecular markers of EMT, including N-cadherin and vimentin, in A549 and H460 cells transfected with pre-miR-150 plasmid or null vector (**c**) and siFOXO4 or siNC (**d**). GAPDH served as a loading control. Cropped blots are displayed. Right panel: densitometric analysis (protein quantification) and statistical analysis of protein bands using image J software. Statistical analyses of *n* = 3 independent experiments were assessed. \**p* \< 0.05 or \*\**p* \< 0.01 versus the loading control. Full-length blot can be seen in [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}. [Supplementary Fig. S4a--c](#S1){ref-type="supplementary-material"} corresponds to [Fig. 5c](#f5){ref-type="fig"}.](srep39001-f5){#f5}

![Pro-metastatic effect of miR-150 was partially attributed to targeted silencing of FOXO4.\
(**a**) Analysis of the migratory capacity of H460 cells transiently transfected with miR-150 inhibitor individually and co-transfected with the miR-150 inhibitor and siFOXO4 using the Transwell assay. (**b**) Analysis of the migratory capacity of A549 cells transiently transfected with miR-150 inhibitor individually and co-transfected with the miR-150 inhibitor and siFOXO4 using the Transwell assay. The mean number of migrated cells was counted from at least five randomly selected fields. Data are the mean ± SD of three independent experiments. \*\**p* \< 0.01 versus the control. (**c**) Western blot analysis of the expression of FOXO4, NF-κB, snail and E-cadherin in H460 and A549 cells transiently transfected with miR-150 inhibitor individually and co-transfected with the miR-150 inhibitor and siFOXO4. Cropped blots are displayed, and densitometry analysis and statistical analysis of protein bands were shown on the right. Experiments were performed in triplicate, and data are expressed as the mean ± SD, \**p* \< 0.05 or \*\**p* \< 0.01 versus the control. Full-length blot can be seen in [Supplementary Fig. S4](#S1){ref-type="supplementary-material"}. [Supplementary Fig. S4c](#S1){ref-type="supplementary-material"} corresponds to (**c**).](srep39001-f6){#f6}
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